While astrocytes produce key inflammatory mediators following exposure to neurotropic nonsegmented negative-sense RNA viruses such as rabies virus and measles virus, the mechanisms by which resident central nervous system (CNS) cells perceive such viral challenges have not been defined. Recently, several cytosolic DExD/H box RNA helicases including retinoic acid-inducible gene I (RIG-I) have been described that function as intracellular sensors of replicative RNA viruses. Here, we demonstrate that primary human astrocytes constitutively express RIG-I and show that such expression is elevated following exposure to a model neurotropic RNA virus, vesicular stomatitis virus (VSV). Evidence for the functional nature of RIG-I expression in these cells comes from the observation that this molecule associates with its downstream effector molecule, interferon promoter stimulator-1, following VSV infection and from the finding that a specific ligand for RIG-I elicits astrocyte immune responses. Importantly, RIG-I knockdown significantly reduces inflammatory cytokine production by VSV-infected astrocytes and inhibits the production of soluble neurotoxic mediators by these cells. These findings directly implicate RIG-I in the initiation of inflammatory immune responses by human glial cells and provide a potential mechanism underlying the neuronal cell death associated with acute viral CNS infections.
INTRODUCTION
The order Mononegavirales includes numerous etiological agents of human disease and members of this order include medically important pathogens with central nervous system (CNS) involvement such as rabies virus (RV) and measles virus (Fishbein et al, 1993) . Virally induced CNS inflammation can be initiated by the elevated expression of inflammatory mediators including tumor necrosis factor-α (TNF-α) and interleukin (IL)-6. Importantly, elevated CNS levels of TNF-α (Nuovo et al, 2005; Solanki et al, 2009 ) and IL-6 (Phares et al, 2006) have been reported following RNA virus infection, and TNF-α has been implicated as a key factor in disease pathogenesis (Camelo et al, 2000; Nuovo et al, 2005) . Like RV, vesicular stomatitis virus (VSV) is a negative-sense single-stranded RNA virus belonging to the Rhabdoviridae family. VSV has the ability to infect neurons and generate acute encephalitis in mice (Huneycutt et al, 1993) and has therefore proven to be a useful model for this and other non-segmented, negative-sense RNA viruses. As described in work by Dr. Carol Reiss and others (Bi et al, 1995; Lundh et al, 1987; 1990; Miyoshi et al, 1971) , intranasal inoculation of VSV in mice leads to infection of the olfactory bulb via the olfactory neurons and subsequently spreads throughout the CNS. This infection is associated with acute encephalitis, breakdown of the blood-brain barrier, and a high degree of mortality (Honeycutt et al, 1993) . Interestingly, VSV-induced encephalitis appears to be T-cell independent, having been observed in athymic mice after viral administration (Frei et al, 1989) . As such, it is likely that the innate immune functions of resident CNS cells play an important role in the rapid inflammatory response following VSV infection.
There is growing appreciation that astrocytes can initiate and augment inflammation following infection (see Dong and Benveniste, 2001) . When activated, these glial cells assume immune effector functions, including the production of TNF-α and IL-6 (Streit et al, 1998) . Various RNA viruses have been reported to infect human and murine astrocytes in vitro (Ray et al, 1997) and in vivo (Garg et al, 2008; Wong et al, 2009) , and the presence of RV and Hendra virus antigens have been observed in astrocytes following in vivo infection (Jogai et al, 2000; Wong et al, 2009) . Similarly, we have recently demonstrated that VSV can infect and replicate within cultured primary murine astrocytes (Chauhan et al, 2010) . Astrocytes appear to respond to VSV as CNS infections are associated with their proliferation and increased cell surface MHC class II molecule expression (Bi et al, 1995) . Furthermore, we have demonstrated that astrocytes express TNF-α and IL-6 following VSV challenge, and that such production is dependent upon active viral replication (Chauhan et al, 2010) . While the ability of astrocytes to be infected by and respond to non-segmented negative-sense RNA viruses has been established, the mechanisms underlying the activation of this important CNS cell type have not been defined. Recently, a newly described group of molecules have been shown to function as intracellular sensors for replicative viral RNA (Takeuchi and Akira, 2007; Yoneyama et al, 2004; Yoneyama and Fujita, 2007) . A member of the retinoic acid-inducible gene (RIG)-I like receptor (RLR) family, RIG-I is a soluble protein found in the cytosol of many cell types and has been shown to mediate innate immune responses to viral RNA. Responses initiated via this cytosolic sensor include the production of antiviral cytokines as well as proinflammatory cytokines such as TNF-α and IL-6 (as reviewed in Meylan and Tschopp, 2006, and . Genomic RNA from several viruses in the order Mononegavirales, including VSV, has been demonstrated to specifically activate immune responses via RIG-I . Importantly, we have recently demonstrated that murine astrocytes express RIG-I in conjunction with its downstream effector molecule, interferon promoter stimulator-1 (IPS-1) (Furr et al, 2008) . In the present study, we demonstrate that primary human astrocytes functionally express RIG-I and we have begun to define the relative importance of this molecule to astrocyte responses to non-segmented negative-sense RNA viruses.
MATERIALS AND METHODS

Cell culture
Primary astrocytes isolated from human brain tissue were purchased from ScienCell (Carlsbad, CA). Cells were maintained in a specially formulated medium supplemented with fetal bovine serum (FBS), growth supplement, and penicillin/streptomycin solution, purchased from the supplier. These cells have been characterized as authentic astrocytes by the vendor according to their expression of glial fibrillary acidic protein as determined by immunofluorescent analyses. The human cortical neuron cell line, HCN-1A (Ronnett et al, 1990) , was obtained from ATCC (CRL-10442; Manassas, VA). Cells were maintained in Dulbecco's modified Eagle's media containing 10% FBS with penicillin and streptomycin.
Preparation of viral stocks and in vitro infection with VSV
Viral stocks of wild type VSV (Indiana strain) were prepared and astrocytes infected as previously described by our laboratory (Furr et al, 2008) . VSV-GFP is VSV (Indiana strain) encoding green fluorescent protein as an extra gene between G and L genes (Das et al, 2006) and was kindly provided by Dr. Asit K. Pattnaik (University of Nebraska). VSV-GFP was utilized to verify the absence of infectious particles in conditioned medium following filtration.
Isolation of RNA and semi-quantitative reverse transcribed PCR
Poly(A) + RNA was isolated from human astrocytes and reverse transcribed as previously described (Bowman et al, 2003) . Polymerase chain reactions (PCR) were performed to determine the expression of mRNA encoding RIG-I. Positive and negative strand PCR primers used, respectively, were 5′-GTGCAAAGCCTTGGCATGT-3′ and 5′-TGGCTTGGGATGTGGTCTACTC-3′ to amplify mRNA encoding human RIG-1 (115 bp fragment). Primers were designed by using OligoCalc (Kibbe, 2007: www.basic.northwestern.edu/biotools/oligocalc.html) based on their location in different exons of the genomic sequence and their lack of significant homology to sequences present in GenBank (MacVector Sequence analysis software, IBI, New Haven, CT). The identity of the PCR amplified fragments was verified by size comparison with DNA standards (Promega). The input RNA was normalized to the expression of the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (G3PDH).
Western blot analyses for RIG-1, IPS-1, and NF-kB p65 (RelA)
Nuclear and cytoplasmic protein extracts were prepared from astrocytes by suspension in lysis buffer containing 10 mM KCl, 1.5 mM MgCl 2 , 10 mM HEPES, 0.5 mM dithiothreitol, and protease inhibitor cocktail for 20 min at 4°C. The nuclei and other fragments were then separated by centrifugation and supernatants were retained as cytoplasmic fractions. Nuclei were lysed by exposure to a high salt buffer containing 420 mM NaCl, 15 mM MgCl 2 , 20 mM HEPES, 0.2 mM EDTA, 20% glycerol, 0.5 mM phenylmethylsulphonylfluoride, 1 mM dithiothreitol, 1% NP-40, and 2.5 ug/ml leupeptin for 20 min at 4°C. Samples were then cleared of cellular debris by centrifugation and supernatants containing the nuclear fraction collected.
Western blot analyses for the presence of RIG-1, IPS-1, and NF-kB in human astrocytes were performed as described previously by our laboratory (Bowman et al, 2003 ) using a rabbit polyclonal antibody directed against human RIG-1 (Abgent, San Diego, CA), a polyclonal antibody directed against IPS-1 (Abcam, Cambridge, MA), and a polyclonal antibody directed against the p65 (RelA) subunit of NF-kB (Millipore, Billerica, MA). To assess total protein loading in each well, immunoblots were reprobed with a goat anti-mouse β-actin antibody (Santa Cruz Biotechnology, Santa Cruz, CA).
Co-immunoprecipitation
Briefly, astrocytes (2 × 10 6 ) infected with VSV were washed with ice-cold PBS and lysed at 4°C at 1 hour following infection in Tris-buffered saline with EDTA (150 mM NaCl, 5 mM EDTA, 20 mM Tris, pH 7.5) plus 1% Brij-97 (Sigma-Aldrich) and 10 units/mL aprotinin (Calbiochem, San Diego, CA), 1 mM PMSF, and 1 ug/mL pepstatin A. The lysates were incubated with protein A agarose beads (Pierce Endogen) conjugated with antibodies directed against IPS-1 for 18 hours at 4°C. The immunoprecipitated material was subsequently subjected to immunoblot analysis for RIG-I. To assess total protein loading in each well, immunoblots were probed for the presence of total IPS-1 content in the immunoprecipitated material.
Quantification of IL-6 and TNF-α secretion in astrocyte culture supernatants Levels of human IL-6 protein in culture supernatants were measured by specific capture ELISA as previously described (Furr et al, 2008 ) using capture and detection anti-human cytokine antibodies purchased from BD Biosciences (San Diego, CA; clone MQ2-13A5 and biotinylated clone MQ2-39C3). A commercially available ELISA kit (Ready-Set-Go!; eBioscience, San Diego, CA) was used to assay human TNF-α levels according to the manufacturer's instructions.
In vitro stimulation of astrocytes with the RIG-I ligand, 5′-triphosphate single stranded RNA
To generate 5′-triphosphate single stranded RNA (5′ppp-ssRNA), we created a linear template for run-off in vitro transcription by digesting the pGEM-SeV-NP plasmid (previously described in Curran and Kolakofsky, 1991) with EcoRV. EcoRV cuts pGEMSeV-NP at a single site allowing a 342 base RNA to be generated when using the SP6 promoter. RNA was generated using the MAXIscript In Vitro Transcription Kit (Ambion) at 37°C for 2.5 hours in a final volume of 200 ul containing approximately 1 ug of linearized pGEM-SeV-NP, all four NTPs, transcription buffer, and 200 U of SP6 enzyme mix. The reaction was then separated into two fractions and one was twice treated with 2 U calf intestinal alkaline phosphatase (CIAP; Promega) at 37°C for 15 minutes to dephosphorylate the RNA for use as a negative control in our studies. Both CIAP-treated and untreated RNAs were then incubated at 37°C for 20 minutes in the presence of 10 U Turbo DNase (Ambion) to remove the plasmid template. Following addition of EDTA (35 mM), the samples were phenol/chloroform extracted and ethanol precipitated. Precipitated RNA was resuspended in RNase free water to a final concentration of 200-250 ng/ul. The final RNA products were analyzed by electrophoresis on a 2.5% agarose gel.
5′ppp-ssRNA or dephosphorylated ssRNA was introduced intracellularly into human astrocytes using Tfx-20 transfection reagent (Promega) at a charge ratio of 1:4 for one hour. For comparison purposes, cells were exposed to Tfx-20 reagent alone or 5′ppp-ssRNA in the absence of Tfx-20.
siRNA-mediated RIG-I knockdown
Three validated Stealth RNAi™ siRNA duplexes targeting human RIG-I, as well as universal negative control siRNA not homologous to anything in the vertebrate transcriptome, were purchased from Invitrogen (Carlsbad, CA). Astrocytes were transfected with each siRNA duplex individually or in concert using Tfx-20 Reagent (Promega) according to the manufacturer's instructions. Antibiotic-free media was replaced with complete media at 6 hours following transfection. At 24, 48 and 72 hours after transfection, whole cell lysates were collected for immunoblot analyses to confirm RIG-I expression knockdown.
Assessment of soluble neurotoxic mediator production by infected human astrocytes
Transfected or untransfected astrocytes were uninfected or infected with VSV and nonadherent viral particles were removed by repeated washing after 1 hour. At 24 hours following infection, medium was collected and filtered with a 0.1-mm syringe filter (Sterlitech, Kent,WA) to remove residual viral particles (0.1 to 0.4 mm in length) prior to addition to uninfected neuronal cells. The complete removal of infectious viral particles using this filtering protocol was verified using GFP-expressing VSV. Glial cells were infected for 24 hours with GFP-VSV (MOIs of 1 and 10 PFU per cell) and medium from these cells was unfiltered or filtered, and placed on HCN-1A cultures. At 12 hours following exposure, virus associated GFP fluorescence was visualized and was only present in cells treated with unfiltered conditioned media.
At varying time points (4, 8, and 12 hours) following addition of conditioned media, the numbers of adherent HCN-1A cells were counted in ten microscopy fields and viability was assessed by trypan blue exclusion.
Densitometric analyses
Densitometric analyses of immunoblots were performed using ImageJ (obtained from the NIH Web site http://rsbweb.nih.gov/ij/download.html). Results are presented as mean values of arbitrary densitometric units corrected for background intensity normalized to the expression of β-actin, or as fold increases over levels in unstimulated cells.
Statistical analyses
Results of the present studies were tested statistically by ANOVA and Tukey's post hoc test using commercially available software (SAS Institute, Cary, NC). Results were considered statistically significant when a P value of less than 0.05 was obtained.
RESULTS
Primary human astrocytes constitutively express the cytoplasmic viral RNA sensor, RIG-I, and such expression is elevated following viral challenge
To determine whether primary human astrocytes express this newly described viral pattern recognition receptor, we have assessed the level of RIG-I mRNA expression in cultures of these cells at rest and following VSV challenge. Human astrocytes were untreated or exposed to VSV at varying MOIs prior to RNA isolation at 4 and 8 hours post-infection (p.i.). Semi-quantitative RT-PCR was performed to assess the presence of mRNA encoding RIG-I. As shown in Figure 1A , astrocytes constitutively express mRNA encoding RIG-I. Interestingly, such expression is rapidly elevated at 4 hours p.i. but such elevations are transient and are not apparent at 8 hours p.i. (Figure 1A ).
We next performed immunoblot analyses to assess RIG-I protein levels in human astrocytes. Consistent with RIG-I mRNA expression, human astrocytes constitutively express detectable levels of RIG-I protein ( Figure 1B) . Furthermore, exposure of astrocytes to VSV elevates expression of this receptor as rapidly as 6 hours p.i with a maximal 3.3 fold induction at an MOI of 10 PFU/cell. Importantly, constitutive and VSV-induced RIG-I expression is restricted to the cytoplasm of these cells with an absence of detectable RIG-I protein in the nucleus ( Figure 1C) , consistent with its role as a cytoplasmic viral pattern recognition receptor.
Primary human astrocytes constitutively and functionally express IPS-1, a downstream effector of RIG-I
To begin to determine whether RIG-I is functional in human astrocytes, we have investigated whether these cells express interferon promoter stimulator-1 (IPS-1), a critical downstream effector molecule in RIG-I signaling (Kumar et al, 2006) . As shown in Figure  2A , astrocytes constitutively express robust levels of IPS-1 but VSV challenge does not significantly elevate IPS-1 expression at 12 hours p.i. at any MOI used ( Figure 2A) . Next, we examined whether RIG-I interacts with IPS-1 following viral challenge using coimmunoprecipitation techniques. As shown in Figure 2B , infection of human astrocytes with VSV induces association of RIG-I with IPS-1 within one hour of infection.
Interaction of RIG-I with IPS-1 has been previously demonstrated to elicit activation of the pivotal inflammatory transcription factor NF-kB in other cell types (Lui et al, 2008) . We have therefore correlated the observed interaction of RIG-I and IPS-1 with activation of NFkB in astrocytes as assessed by the nuclear translocation of the NF-kB p65 (RelA) subunit. As shown in Figure 2C , infection of human astrocytes with VSV elicits nuclear translocation of RelA at 1-2 hours p.i. Such rapid responses are consistent with the observed constitutive expression of both RIG-I and IPS-1 in these primary glial cells.
Single stranded RNA induces RIG-I expression and inflammatory mediator production by primary human astrocytes Viral genomes have been reported to serve as the major trigger for RIG-I in cells infected with negative-sense single-stranded RNA viruses confirming earlier suggestions that ssRNAs bearing 5′-ppp generated in vitro, perhaps with base-pairing at the 5′-end, are effective agonists for RIG-I (Hornung et al., 2006 and Pichlmair et al., 2006) . Consistent with this notion, treatment with calf intestinal phosphatase, which removes 5′-phosphates, has been shown to abolish stimulatory activity (Hornung et al., 2006 and Pichlmair et al., 2006) . To confirm the functional nature of RIG-I expression in primary human astrocytes, we have investigated the effects of intracellular administration of in vitro generated uncapped 5′ppp-ssRNA. As shown in Figure 3A , administration of 5′ppp-ssRNA significantly increases RIG-I mRNA levels. Similarly, this ligand induced a modest but discernable elevation in RIG-I protein levels over those in cells receiving only transfection reagent (1.6 fold), an effect that was not seen in cells transfected with dephosphorylated ssRNA control ( Figure 3B ). Interestingly, and in agreement with the effects of VSV ( Figure  2A ), 5′ppp-ssRNA failed to consistently elicit increases in IPS-1 expression ( Figure 3C ). While IPS-1 levels decreased with increasing concentrations of 5′ppp-ssRNA, this effect does not appear to be specific as dephosphorylated ssRNA similarly decreased IPS-1 expression ( Figure 3C ). Furthermore, we have determined that 5′ppp-ssRNA can elicit inflammatory immune responses in primary human astrocytes. As shown in Figure 4A , 5′ppp-ssRNA induces nuclear translocation of NF-kB (RelA) in a dose dependent manner. Such NF-kB activation is consistent with the ability of this ligand to induce the production of the inflammatory cytokines IL-6 ( Figure 4B ) and TNF-α ( Figure 4C ). Importantly, these effects were significantly attenuated when the ligand was dephosphorylated ( Figures 4B and C) , consistent with the specific recognition of 5′ppp-ssRNA by RIG-I. Taken together, these data indicate that RIG-I is functionally expressed in primary human astrocytes and recognizes replicative viral RNA motifs.
RIG-I knockdown attenuates VSV-induced inflammatory cytokine production by primary human astrocytes
To begin to establish the relative importance of RIG-I in the initiation of VSV-mediated astrocyte immune responses, we employed silencing RNA techniques (siRNA) to knock down the expression of this viral sensor. As shown in Figure 5A , the use of a combination of three siRNA duplex oligomers effectively knocked down the expression of RIG-I in a time dependent manner with a maximal reduction observed at 72 hours post-transfection. We then optimized our knockdown protocol by selecting the most effective siRNA duplex (DDX58-HSS177513; Invitrogen) for use in our subsequent studies ( Figure 5B; duplex 3) . Importantly, we determined that transfection of human astrocytes with this siRNA duplex significantly inhibited VSV-induced inflammatory cytokine production relative to that produced by cells transfected with non-specific scrambled siRNA ( Figure 5C ). Together, these data indicate that RIG-I is an important component in the initiation of human astrocyte inflammatory immune responses to negative sense single-stranded RNA viruses.
RIG-I is required for virally-induced production of neurotoxic mediators by human astrocytes
To begin to establish a role for RIG-I in the inflammatory CNS damage associated with neurotropic non-segmented, negative-sense RNA viral infections, we have assessed the effect of RIG-I knockdown on the production of soluble mediators that can elicit neuronal cell death by VSV-infected human astrocytes. As shown in Figure 6A , VSV induces the production of soluble mediators by primary human astrocytes that can elicit decreases in the viability of HCN-1A human neuronal-like cells, as assessed by changes in cell attachment and trypan blue exclusion, in a MOI and time dependent manner. Importantly, the production of such neurotoxic mediators was significantly attenuated in cells transfected with siRNA targeting RIG-I (−R) as compared to cells that were transfected with scrambled non-specific siRNA control (+R) ( Figure 6B ). Together, these data point to a key role for RIG-I in the inflammatory immune responses of human astrocytes to non-segmented, negative-sense RNA viral infection and may represent a key component in the inflammatory damage associated with virally induced encephalitis.
DISCUSSION
The order Mononegavirales consists of viruses containing a non-segmented, negative-sense RNA genome and includes the causative agents for a number of established (rabies, measles, mumps) and emerging (Ebola, Borna, Hendra, Nipah) human diseases (Pringle, 1997) . Some members of this order, such as RV and Newcastle disease virus, have the ability to circumvent the blood-brain barrier to establish CNS infection resulting in a severe and often fatal inflammation of brain tissue (Leung et al, 2007; Seal et al, 2000) . VSV has proven to be a useful model for neurotropic non-segmented, negative-sense RNA viruses that cause human CNS infections due to its ability to gain access to the CNS and to elicit acute encephalitis (Honeycutt et al, 1993) . VSV-associated CNS inflammation is rapid, occurring within days of intranasal inoculation (Honeycutt et al, 1993) , and this rapid onset is indicative of an innate immune response that is likely to involve resident CNS cells. Such a hypothesis is supported by the observation that astrocytes exhibit immune functions in situ following VSV infection (Bi et al, 1995; Honeycutt et al, 1993; Leung et al, 2007) . In a recent study, we have demonstrated that isolated murine astrocytes produce key soluble inflammatory mediators including TNF-α and IL-6 following exposure to VSV, and that such production is dependent upon viral replication (Chauhan et al, 2010) . The recent description of RLRs, cytosolic DExD/H box RNA helicases that can recognize early viral replicative intermediates (Takeuchi and Akira, 2007) , raises the intriguing possibility that such molecules could play an important role in the detection of RNA viruses by astrocytes.
In the present study, we describe the expression of RIG-I, an RLR that serves as an intracellular viral sensor, in primary cultures of human astrocytes. We show that these cells constitutively express robust levels of mRNA encoding RIG-I. Importantly, we demonstrate detectable levels of these proteins in resting astrocytes and we show that such expression is restricted to the cytoplasm of these cells. These data are in agreement with a recent study demonstrating the expression of mRNA encoding RIG-I and the detection of RIG-I protein in human astrocytoma cells, and the presence of RIG-I protein in uninfected primary human astrocytes as determined by immunocytochemical techniques (Yoshida et al, 2007) . In addition, the present studies are consistent with our recent demonstration that primary murine astrocytes constitutively express this RLR (Furr et al, 2008) . Interestingly, we show that the expression of RIG-I in the cytoplasm of primary human astrocytes is elevated following infection with the model RNA virus, VSV. Importantly, the present study provides the first demonstration that intracellular administration of in vitro generated 5′ppp-ssRNA, a reported ligand for RIG-I, induces RIG-I expression in primary human astrocytes. As such, the present demonstration of robust levels of RIG-I in resting human astrocytes is consistent with the ability of these cells to mount rapid inflammatory immune responses following viral challenge. Furthermore, the inducible nature of such expression by intact viral particles and a specific ligand for RIG-I suggests that astrocytes may become sensitized to the presence of intracellular viral motifs generated during viral replication in a feedforward manner.
Perhaps more importantly, in the present study we provide the first demonstration that this RLR plays an important role in astrocyte inflammatory immune responses to a nonsegmented negative-sense RNA virus. First, we have demonstrated that primary human astrocytes constitutively express robust levels of IPS-1, a critical downstream adaptor molecule for RIG-I signaling. The caspase activation and recruitment domains, or CARDs, of RIG-I interact with IPS-1 to induce type I interferon gene expression in mouse embryonic fibroblasts via TRAF3 and IRF3/IRF-7 pathways (Kumar et al, 2006) , and activate NF-kB in a caspase-8 and 10-dependent manner to induce inflammatory cytokine production in immune cells such as macrophages (Hiscott, 2007) . Consistent with this mechanism of action, we have demonstrated that VSV challenge initiates an association between RIG-I and IPS-1 in human astrocytes, and we have shown that this virus induces the translocation of the RelA subunit of NF-kB to the nucleus. Furthermore, we have demonstrated that 5′ppp-ssRNA delivered intracellularly into primary human astrocytes similarly elicits NF-kB activation and inflammatory cytokine production. We have confirmed the specificity of the actions of this RIG-I ligand by demonstrating that dephosphorylated RNA oligomers fail to elicit such marked cytokine responses. Finally, we have confirmed a role for this intracellular viral sensor in astrocyte immune responses to this model neurotropic rhabdovirus by demonstrating that RIG-I knockdown specifically and significantly inhibits VSV-induced cytokine production.
Neuronal loss has been reported in human cases of RV (Juntrakul et al, 2005 ) Hendra virus (Wong et al, 2009) , and measles virus (Garg et al, 2008; McQuaid et al, 1997) infection. However, at least one study has indicated that rhabdoviruses do not have an intrinsic ability to induce apoptosis in isolated neuron-like cells (Baloul and Lafon, 2003) suggesting that these viruses elicit neuronal cell death in an indirect manner. Similarly, the pathogenesis of CNS measles virus infections has been suggested to result from neuronal apoptosis occurring either as a direct result of viral infection or as an indirect consequence of cytokine-mediated effects (McQuaid et al, 1997) . Interestingly, the level of cytotoxic factors including TNF-α has been found to correlate with alterations in neuronal function and CNS damage in a murine model of RV infection (Marquette et al, 1996) , and a high level of TNF-α has also been associated with poor prognosis in patients with other acute viral encephalopathies (Anlar et al, 2001; Ravi et al, 1997) . In the present study we have demonstrated that human astrocytes produce robust levels of TNF-α in response to VSV in a RIG-I dependent manner. Furthermore, we have shown that soluble factors released by VSV-infected human astrocytes elicit cell damage/death of a human neuronal cell line, and that the production of these factors is RIG-I dependent. These findings directly implicate RIG-I in the initiation of inflammatory immune responses by human glial cells and provide a potential mechanism underlying the neuronal cell loss associated with acute viral CNS infections.
Based upon our results, we propose the model shown in Figure 7 . We suggest that nonsegmented negative-sense RNA viruses infect astrocytes and replicate within them, generating uncapped genomic RNAs with phosphorylated 5′-ends. These motifs are recognized by RIG-I and such recognition leads to an association of the CARD domains of this molecule with those of the downstream effector molecule, IPS-1. Activated IPS-1 ultimately liberates the RelA subunit of NF-kB allowing it to translocate to the nucleus and to initiate the de novo production of soluble inflammatory mediators. Cytokines such as TNF-α and IL-6 are well recognized to initiate inflammation and to increase blood-brain barrier permeability, facilitating leukocyte recruitment into the CNS. In addition, such soluble mediators can also initiate neuronal cell loss, either directly or via activation of resident/infiltrating myeloid cells. The expression of this RLR by human astrocytes may therefore represent an important innate immune mechanism underlying the rapid and potentially lethal CNS inflammation associated with neurotropic RNA virus infections. VSV induces the activation of RIG-I associated signaling pathways in primary human astrocytes. Panel A: Cells (2 × 10 6 ) were untreated (0) or infected with VSV (MOI of 0.01, 0.1, 1, and 10). At 12 hours p.i., expression of the RIG-I downstream effector molecule IPS-1, was determined in whole cell protein isolates. IPS-1 expression in HeLa cells (+) is shown for comparison purposes. Panel B: Cells (2 × 10 6 ) were untreated (0) or infected with VSV (MOI of 1 and 10). At 1 hour p.i., association of RIG-I with IPS-1 was assessed using co-immunoprecipitation techniques. RIG-I content in samples following the pre-clearing step (pc) is shown as a control and RIG-I expression in a similar number of resting HeLa cells is shown (+) for comparison purposes. Representative results are shown for one of three separate experiments. The relative level of RIG-I/IPS-1 complex formation in this experiment was determined by densitometric analysis normalized to total IPS-1 content in the precipitated material and is shown below the immunoblot. Panel C: Cells (2 × 10 6 ) were untreated (0) or infected with VSV (MOI of 0.1, 1, and 10). At 1 and 2 hours p.i., nuclear (NUC) and cytoplasmic (CYT) extracts were prepared and RelA expression determined. A representative immunoblot of three separate experiments is shown. 5′ triphosphate single stranded RNA, a specific ligand for RIG-I, upregulates RIG-I expression but not IPS-1 in primary human astrocytes. Panel A: Cells (2 × 10 6 ) were untreated (0) or exposed to 5′ triphosphate ssRNA (5′ppp-ssRNA: 4 or 8 ug/ml) in the presence of Tfx-20 transfection reagent. At 2 hrs following transfection, RIG-I and G3PDH mRNA levels were assessed. For comparison purposes, RIG-I mRNA levels in a similar number of resting HeLa cells are shown (+). Representative results of three separate experiments are shown. Panel B: Cells (2 × 10 6 ) were treated with Tfx-20 alone (0), 5′ triphosphate ssRNA (ppp: 4 or 8 ug/ml), or unphosphorylated RNA (-p: 4 or 8 ug/ml). At 6 hours following transfection, RIG-I protein expression was assessed in whole cell lysates. For comparison purposes, RIG-I protein expression in a similar number of resting HeLa cells is shown (+). Representative results are shown for one of three separate experiments and densitometric analysis of this experiment normalized to β-actin expression is shown below the immunoblot. Panel C: Cells (2 × 10 6 ) were untreated (0), or exposed to 5′ triphosphate ssRNA (ppp: 2, 4, or 8 ug/ml) or unphosphorylated ssRNA (-p: 2, 4, or 8 ug/ ml) as a control in the presence of Tfx-20, or without the addition of the transfection reagent (−Tfx). At 6 hours following transfection, IPS-1 protein expression was determined in whole cell lysates. Representative results are shown of one of three separate experiments. VSV induces the production of a soluble factor(s) by human astrocytes that elicit neuronal cell death in a RIG-I dependent manner. Panel A: Human astrocytes were untreated (0) or infected with VSV (MOI of 0.01, 0.1, 1, and 10). At 24 hours p.i., filtered conditioned media from these infected cells or media spiked with recombinant TNF-α (63 pg/ml; TNF) was placed on HCN-1A cells. Changes in viability of these human neuronal-like cells were assessed at 4, 8 and 12 hours by quantification of cell attachment and at 12 hours by trypan blue exclusion. Panel B: Human astrocytes were untreated (0) or transfected with siRNA targeting RIG-I (−R) or scrambled siRNA (+R). At 72 hours following the transfection protocol, cells were uninfected or infected with VSV (MOI of 1) and cultured for a further 24 hours. Filtered conditioned media from these cells was placed on HCN-1A cells. As a positive control, media was spiked with recombinant TNF-α (63 pg/ml; TNF) and placed on HCN-1A cells. Changes in viability of these human neuronal-like cells were assessed at 4, 8 and 12 hours by quantification of cell attachment and at 12 hours by trypan blue exclusion. For comparison purposes, cell death of HCN-1A cells was assessed following exposure to conditioned medium from untransfected astrocytes infected with VSV (1). Data is expressed as mean +/− SEM (n = 3). An asterisk indicates a statistically significant difference from unstimulated cells; a pound symbol indicates a statistically significant difference between cells transfected with siRNA directed against RIG-I versus scrambled siRNA (p < 0.05). Proposed model by which astrocytes recognize neurotropic RNA viruses and elicit inflammatory CNS damage. Replicating RNA viruses generate phosphorylated single stranded RNA (5′ppp-ssRNA) that act as a ligand for RIG-I. RIG-I associates with IPS-1, which subsequently activates NF-kB by liberating the RelA subunit. RelA translocates to the nucleus and initiates the production of inflammatory mediators including TNF-α and IL-6. These soluble mediators, and others, could then promote inflammation, increase bloodbrain-barrier (BBB) permeability, recruit leukocytes into the CNS, and directly or indirectly initiate neuronal cell damage and/or death.
